Background: Continual application of herbicides for flaxleaf fleabane control readily results in the evolution of herbicide resistance. Flaxleaf fleabane has evolved resistance to different modes of action herbicides in many countries. Due to the comprehensive geographical distribution of flaxleaf fleabane in Australia, it was classified as a cosmopolitan weed and it therefore has no specific climatic requirement. Results: The high percentage of polymorphisms in the samples of the susceptible population (79.8%, 75%) suggests that susceptible populations of flaxleaf fleabane, even within one site, originated from a number of parents. However, the percentage of polymorphism in the resistant populations (51.5%, 66.8%) suggests that resistant populations of flaxleaf fleabane within one site could have originated from fewer parents. In addition, any site containing resistant and susceptible populations of flaxleaf fleabane may have been populated by a large number of parents, evidenced by the relatively high percentage of polymorphisms detected by amplified fragment length polymorphism (AFLP) analysis (86.5%). Despite the large geographic distances between collection locations, populations from across states clustered in several groups showing a close genetic relationship among these populations over these large distances. These high levels of genetic diversity within and between populations confirmed in the sequencing of enolpyruvylshikimate-3-phosphate above support the results of AFLP studies and gave the author more confidence to report the genetic diversity seen within and between population studies. Conclusion: To prevent further resistance spread, flaxleaf fleabane management in infested areas should focus on decreasing seed movement from resistant sites as well as reducing the selection pressure for resistance to glyphosate by adopting alternative management strategies.
Introduction
Flaxleaf fleabane (Conyza bonariensis) is a weed species belonging to the family Asteraceae (Wu 2009 ) that predominantly occurs in cropping systems of northern, southern, and Western Australia. As a result of intensive use of the herbicide glyphosate in summer fallow operations, glyphosate-resistant populations of C. bonariensis have begun to appear, with the first resistant population (Randall 2017 ). This species is a self-fertilized annual weed, which is often found in pastures and summer and winter field crops including cotton, maize, chickpea, soybean, and wheat (Wu 2009; Heap 2008; Shrestha et al. 2008a) . Importantly, Wu et al. (2006) reported that flaxleaf fleabane provides significant competition with crops for water and nutrients, particularly for stored soil moisture in crops of dryland sorghum and wheat, causing significant yield reduction (up to 31%).
The specific effect of glyphosate is to inhibit the biosynthesis of the aromatic amino acids (phenylalanine, tryptophan, and tyrosine) in plants. This inhibition causes a number of metabolic instabilities, such as protein synthesis inhibition and blocking of the shikimate pathway, resulting in metabolic disturbance (Nandula et al. 2005) . Glyphosate binds to 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, an enzyme in the shikimate pathway which catalyzes the condensation of shikimate-3-phosphate and phosphoenolpyruvate to form 5-enolpyruvylshikimate-3-phosphate. Once plants come in contact with glyphosate, the shikimate pathway is blocked, hindering carbon flow to aromatic amino acids (Harring et al. 1998) . Glyphosate is translocated rapidly to metabolic sites and kills the target weeds slowly after application (Franz et al. 1997; Duke et al. 2003) .
Efforts are required to advance knowledge regarding the genetic diversity of resistant populations, which is needed to understand seed dispersal of flaxleaf fleabane to determine the best management strategies. A common technique used to study genetic diversity is amplified fragment length polymorphism (AFLP) . It provides the opportunity to illustrate diversity at the genetic level, allows observation of polymorphism at a very large number of loci, and produces extremely reproducible markers with no need for prior sequence knowledge (Vos et al. 1995; Acquaah 2009) . In this study, genetic diversity was investigated within single populations as an initial study to examine the possible level of outcrossing. In addition, the genetic diversity between populations was investigated to examine the evolution and spread of resistance. The main objectives of this study were to assess genetic variation and to estimate genetic relationships within and between populations of flaxleaf fleabane, using AFLP markers and sequencing of EPSP synthase.
Material and methods

Plant materials
Eighty-two populations of C. bonariensis had been previously collected in a 2011 roadside survey across Australia (Table 1 , (Malone et al. 2012) ). These populations had been tested for glyphosate resistance using 1500 g ha −1 (Touchdown 500 g/L, Monsanto, Melbourne, Victoria, Australia), and results had shown that approximately 50% were susceptible and 50% were resistant (Malone et al. 2012) . To assess genetic relationships within and between populations of flaxleaf fleabane, a single individual from each of these populations was used in a "between populations" analysis, while 20 individuals of the susceptible population FBTAR and the resistant population SEQLD07 were used for a "within populations" study.
For comparison with the target populations of flaxleaf fleabane, two populations of tall fleabane (Conyza sumatrensis) were collected from two different locations in South Australia: Dernancourt (FTALLH) and Paradise (FTALLP) as controls.
Seed germination and plant growth
In a glasshouse, distinct trays (30 × 20 × 10 cm) comprising coca peat soil, roughly 0.1-0.2 g of seeds from each population, were sown. Seeds were sown on the surface of soil and watered regularly as needed until a suitable number of seedlings had developed for each population. For the "within populations" experiment, seedlings were transferred into normal pots at a rate of 5-10 seedlings per pot. The plants were well-looked-after under natural growing conditions (outdoor) during the growing period and sprayed with a mist spray daily as required until sampling for DNA extraction. Also, the two populations of tall fleabane were germinated in separate trays (30 × 20 × 10 cm). At 6 weeks after germination, plants were transplanted into standard pots and transferred outdoors to be maintained until sampling for DNA extraction.
The "within population" experiment was carried out at the Waite Campus of the University of Adelaide, South Australia, in March 2012.
Sampling and plant DNA extraction
Leaf tissue was collected from a single individual from all 82 fleabane populations for the "between populations" study, as well as 20 susceptible individuals from population FBTARS and the same number of resistant individuals from population SEQLD7R for the "within population" study.
For the "between populations" study, leaf tissue was collected with no herbicide application, while for the "within populations" study, leaf tissues were collected first, and then, all individuals were treated to confirm susceptibility or resistance to glyphosate. Approximately 0.25 g of young leaf tissue was cut with sterilized scissors from plants and transferred to a sterile 1.5 mL microcentrifuge tube. Tubes were placed in a small ice box, transported to the laboratory, and stored in a freezer at -80°C until DNA extraction. Three-millimeter ball bearings were inserted into each micro-centrifuge tube containing the leaf samples and were homogenized under liquid nitrogen using a vortex or Retsch mill (Retsch GmbH, Haan, Germany). DNA was extracted using Isolate Plant DNA Mini Kit (Bioline, Australia) as per the manufacturer's instructions. The concentration of extracted DNA was measured using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) at 280 nm. DNA samples were stored in the freezer at -20°C until DNA amplification.
Amplified fragment length polymorphisms
The AFLP protocol designed by Vos et al. (1995) provided the initial basis for the AFLP technique used here, with the exception that the methylation-sensitive restriction enzyme PstI was substituted for EcoRI as it is identified to yield low-copy DNA constructively (Burr et al. 1988) . Oligonucleotide sequences of the adaptors are shown in Table 2 . Standard solutions were set at 200 μM for both adaptors [(MseI adapters at 50 μL each + 100 μL nanopure water) and (PstI adapters at 5 μL each + 190 μL nanopure water)]. Stocks were heated at 90°C for 3 min and kept at room temperature for 30 min. All digestion/ligation reactions were performed in 60 μL reaction mixtures containing 20 μL of isolated genomic DNA and 40 μL of Master Mix (6 μL of RL buffer 10× (50 nM Tris-HCL at PH 7.5, 50 mM Mg-acetate, 250 mM K-acetate, and 25 mM DTT), 1 μL of each of the two restriction enzymes MseI adaptors (5 units) and PstI adapters (10 units), 1.2 μL of 10 mM ATP cofactor, 0.5 μL of MseI Tru 9 l enzyme (5 units), 1 μL of PstI CUTTER enzyme (10 units), 1 μL of T4 DNA ligase (1 unit/μL) enzyme, and 28.3 μL of nanopure water). The ligation/digestion was performed at 37°C for 3 h. Pre-amplification reactions were performed in 20 μL reaction mixtures containing 5.5 μL of the digested DNA and 14.5 μL of PCR Master Mix (2 μL of 10× ImmoBuffer, 0.8 μL of Mgcl 2 solution, 2 μL of dNTP Mix, 1 μL of MseI + C primer (Table 2) , 1 μL of PstI + A primer (Table 2) , 0.2 μL of Taq Immolase TM , and 7.5 μL of nanopure water). PCR (Gradient Eppendorf Mastercy-cler®, Germany) was performed for 11 cycles of denaturation at 94°C for 30 s, annealing at 67°C for 60 s, and an extension at 72°C for 90 s and then dropping the annealing temperature by 0.7°C per cycle, followed by 20 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 90 s. At the end of the 20 cycles, a final extension was applied at 72°C for 7 min and held at 4°C until the next step (selective PCR). The pre-amplification reactions were diluted in the ratio of 1:8 with nanopure water (20 μL of DNA and 160 μL of nanopure water).
Selective amplification reactions were performed in duplicate on the selected samples with different primers to determine which primer yielded high numbers of visibly scorable polymorphic bands (Table 2) . A first batch was performed as same as for the pre-amplification PCR above, except that 1 μL of PstI + ATC primer and 1 μL of MseI + CAT (FAM) primer were added. The second batch was prepared in the same way but in place of 1 μL of MseI + CAA (VIC). Primer PCR was run using the following protocol: 94°C for 30 s for denaturing, 65°C for 30 s for annealing, and a 90-s extension at 72°C, followed by 9 cycles for further denaturation, annealing, and extension in which each annealing cycle was reduced by 1°C, followed by 25 PCR cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 90 s.
Capillary electrophoresis was performed using an Applied Biosystems 3730 analyzer by the Australian Genome Research Facility (AGRF), Australia.
Sequencing a conserved region of EPSP synthase
DNA extracted from leaf tissue of 13 populations of flaxleaf fleabane shown in boldface in Table 1 was used to amplify a conserved region of EPSPS following the methods of Wakelin and Preston (2006) using primers LrEPSP_F and LrEPSP_R ( Table 2 ). The DNA fragments produced by the PCR reaction were sequenced by AGRF to obtain both forward and reverse sequence data using the same primers (LrEPSP_F and LrEPSP_R).
Data analysis
Recognizable AFLP bands were visually scored with Genemapper® (Applied Biosystems, Australia) software Table 2 Sequences (5′-3′) of adapters and primers used in adjusted AFLP for the within and between population studies and sequences (5′-3′) of primers used for the sequencing of the conserved region of EPSP. Data in boldface shows the most informative primers in terms of number of bands and polymorphisms Adapters (Hall 1999) .
Results
Within population study
Genetic diversity within a population was investigated in this experiment to examine possible outcrossing within populations. As found in several studies of other plant species, AFLPs have played an important role in genetic polymorphism investigation, and proved highly informative in assessing diversity in plants (Vos et al. 1995; Acquaah 2009; Teulat et al. 2000; Green et al. 2001) .
MseI selective primers, CAG + (TET) and CAC + (NED); MseI selective primers, CC + PstI + AC primer; and PstI + AG primer all produced insufficient visibly scorable polymorphic bands and therefore were not used. Two of the 6 primer combinations used (shown in boldface in Table 2 ) were the most informative in terms of number of bands and polymorphisms. The number of peaks obtained from these primers was different depending on the primer combination used. Peaks lower than 900 and very close to each other were not considered. Of the loci, 194 were scored for the selective primer pair Pstl + ATC and MseI + CAT primer (FAM), and 205 loci were scored for the selective primer pair Pstl + ATC and MseI + CAA primer (VIC), resulting in a total of 399 loci. The 2 primer combinations together generated a total of 399 bands, ranging in length from 35 to 500 bp. Three hundred forty-five bands were polymorphic, resulting in an average polymorphism percentage of 86.5% (Table 3) . Polymorphic fragments were dispersed through the whole size range, with the greatest ratio noticed between 45 and 320 bp.
The AFLP profiles among the resistant and susceptible samples differed by a number of bands, showing a different percentage of polymorphism (Table 3) .
The dendrogram formed by UPGMA of the Jaccared similarity matrix from the collective data of 2 primer combinations from the 40 samples of the resistant and the susceptible populations of flaxleaf fleabane (FSEQLD7R, FBTARBS) is shown in Fig. 1a . Four main clusters containing a number of sub-clusters were identified from the dendrogram. The susceptible population (FBTARBS) is represented by 9 accessions clustered in 1 main cluster 5S and 2 sub-clusters 2Sb and 2Sa (standalone). The resistant population (FSEQLD7R) is represented by 8 accessions clustered in 2 main clusters 5R and 1R (standalone) and 1 sub-cluster 2R.
The percentage of similarity among both resistant and susceptible samples was very high, giving only weak support for this sub-clustering. However, the susceptible samples were not as tightly clustered as the resistant samples. The remaining accessions of both susceptible and resistant populations, however, were intermixed, represented by 22 accessions grouped together in 3 sub-clusters 7S+1R, 2S+5R, and 6R+1S. The subclusters of resistant and susceptible populations did not cluster together, but were mixed. This suggests there is no clear genetic distinction between the resistant and susceptible populations.
The high percentage of polymorphisms in the samples of the susceptible population (79.8%, 75%, Table 3 ) suggests that susceptible populations of flaxleaf fleabane, even within one site, originated from a number of parents. However, the percentage of polymorphism in the resistant populations (51.5%, 66.8%, Table 3 ) suggests that resistant populations of flaxleaf fleabane within one site could have originated from fewer parents. In addition, any site containing resistant and susceptible populations of flaxleaf fleabane may have been populated by a large number of parents, evidenced by the relatively high percentage of polymorphisms detected by AFLP analysis (86.5%). Information from other weed species related to flaxleaf fleabane can be used to increase knowledge of the genetic relationships. Therefore, two outsider populations of tall fleabane were chosen for comparison with the target populations of flaxleaf fleabane as controls. These two outsider populations were informatively matched with both the resistant and susceptible populations of flaxleaf fleabane with the MseI + CAT Fluro (FAM) and PstI + ATC primers (Fig. 1b) . The tall fleabane samples were mixed with the flaxleaf fleabane samples, suggesting that while morphologically different, they may not be genetically different.
Between population study
Eighty-two susceptible and resistant populations (Table 1) collected from different locations across Australia were selected for AFLP analysis to find the relationships between these populations and to determine the evolution and spread of resistance.
AFLP analysis produced the dendrogram formed by UPGMA of the Jaccared similarity matrix from the collective data of 2 primer combinations (Fig. 2) , which shows that the 82 populations fall into 16 separate clusters. Only 4 populations were standalone as independent clusters (FB7c and FB2c from South Australia, SEQLD05 from Southern-eastern Queensland, and Fle16 from Southern New South Wales). The remaining 78 populations, both susceptible and resistant, were intermixed. Although there were some indications of environmental clustering, the dendrogram formed from these populations using 564 scored loci, which shows a large genetic diversity existing in Australia. The data also indicate clustering of both resistant and susceptible populations from different sources, such as populations from Western Australia with those from Southern and Northern New South Wales, Southern-eastern Queensland, and Victoria (4SNSW+3SQLD+4NNSW+V+WA). Despite the large geographic distances between collection locations, populations from across states that clustered in several groups showed a close genetic relationship among these populations over these large distances. Further, the genetic distances between most clusters were very small. Four populations (Fle13, FBWIR, SEQLD01, and WA30) were duplicated from the same DNA for AFLP analysis to confirm the outcomes of this experiment. Figure 3 shows some similarities and differences between two samples of one of the duplicated populations (Fle13). Duplicated populations were expected to be the same as they were sourced from the same DNA samples. As a result of this unexpected outcome, some optimizations were carried out on the PCR to improve results following recommendations of Brandariz-Fontes et al. (2015) , such as lowering dNTP concentrations to increase the specificity and the fidelity of PCR products, reducing the amount of Mg 2+ to increase the enzyme fidelity and the level of specific amplification, and using high denaturation temperature to decrease the probability of occurrence of any mutation in the PCR products and also to achieve specific amplification. Despite these optimizations, identical outcomes were not obtained. Therefore, due to time constraints, conclusive results were not determined in this experiment, and further investigations are thus required.
Despite the high level of genetic diversity seen among populations based on AFLP study, the author was not fully confident to report these results due to unidentified outcomes of the duplicated populations (Fig. 3) . However, the results of sequencing of EPSP synthase were determined at high levels of genetic diversity within and between populations.
Sequencing of EPSP synthase
Thirteen populations with confirmed resistance or susceptibility to glyphosate with different levels of resistance were included in this study. Approximately 300 bp region of the EPSPS gene was sequenced from extracted DNA of the 13 populations of flaxleaf fleabane as shown in Fig. 4a . After alignment of the 13 sequences, polymorphisms were present at 20 positions (from 374 to 435 bp) among the sequences. The substitutions were not in the predicted amino acids but in the consensus nucleotides, namely in the second and third positions of codons as silent changes such as C (cytosine) for T (thymine) or G (guanine) (positions 374, 422, 427, and 432) , G for A (adenine) or A for G (positions 377, 389, 415, and 434) , G for C (positions 393 and 415), and T for A or G (positions 418 and 423). To determine the occurrence of polymorphisms within populations, the 300-bp region of the EPSPS gene was sequenced from the extracted DNA of 4 individuals of the susceptible population (FBTAR) and 1 individual of the resistant population (FSEQLD7) as shown in Fig. 4b . Polymorphisms in the resistant sequence (R3) occurred at 10 positions, while polymorphisms from the 4 individual susceptible populations (S5, S4, S3, and S1b) occurred at 20, 3, 10, and 19 positions, respectively. Padgette et al. (1991) have reported that mutations in a specific region of EPSP synthase result in an enzyme with increased tolerance to glyphosate. The EPSP gene was sequenced herein to test whether these mutations were the molecular basis for resistance in flaxleaf fleabane. The outcome showed that the resistant populations of this species did not contain amino acid modifications within the active site. However, the differences among the 13 sequences indicated a high level of genetic diversity between these populations (Fig. 4a ). As well as, genetic diversity within the susceptible population (FBTAR) was very high (Fig. 4b) .
Discussion
These high levels of genetic diversity within and between populations confirmed in the sequencing of EPSP above support the results of AFLP studies and gave the author more confidence to report the genetic diversity seen in the within and between population studies.
The level of diversity observed within the populations using AFLPs was high. Although the resistant and susceptible populations of flaxleaf fleabane were collected from different states in Australia (Table 1) , genetic variations exceeding 95% were found between resistant and susceptible samples. These data support the hypothesis, as in the dendrogram clusters based on genetic relationships, that flaxleaf fleabane occurred as genetically variable populations in the different locations.
Self-pollination is expected to reduce the levels of genetic variation within populations and among populations (Bartkowska and Johnston 2009). It has been generally assumed that flaxleaf fleabane is a self-pollinated species with wind dispersed seed (Wu 2009; Heap 2008; Shrestha et al. 2008a ). However, the UPGMA dendrogram produced in the within population study (Fig. 1) suggests much greater diversity than would be expected from a self-pollinated species. The high genetic diversity seen here suggests an infrequent level of outcrossing could occur.
The movement of seeds could possibly be another factor for the occurrence of genetic variation. The numerous light furry seeds of flaxleaf fleabane are freely spread by wind over large distances (Shrestha et al. 2008b ). The flaxleaf fleabane populations used in this study were sampled as multiple plants from a specific location and seeds mixed together for each population. This suggests that the original source of seeds for the collected populations of this study could have originated from different areas due to seed movement by wind.
To the best of the author's knowledge, this is the first paper employing the use of AFLPs for reviewing genetic diversity in flaxleaf fleabane. The results of this research are not consistent with the other studies on herbicideresistant species. For example, Danquah et al. (2002) reported that AFLP analysis revealed similarities up to 75% among Echinochloa spp. populations collected from four countries (Bangladesh, India, Philippines, and the Cote d'Ivoire) whether these populations were resistant or susceptible. Rutledge et al. (2000) postulated that there was no evidence for relationship among populations of Echinochloa crus-galli on the basis of their resistance or susceptibility to propanil when herbicide resistance occurs.
Conclusion
Genetic diversity based on the sequencing of EPSP experiments was clearly observed within and between populations of flaxleaf fleabane regardless of their resistance or susceptibility to glyphosate. These results suggest that flaxleaf fleabane populations are highly diverse and resistance has likely evolved multiple times in Australia. To prevent further resistance spread, flaxleaf fleabane management in infested areas should focus on decreasing seed movement from resistant sites as well as reducing the selection pressure for resistance to glyphosate by adopting alternative management strategies. 
